We have used a computer program to scan the entire sequence of viral polyproteins for eucaryotic signal sequences. The method is based on that of von Heijne (1). The program calculates a score for each residue in a polyprotein. The score indicates the resemblance of each residue to that at the cleavage site of a typical Nterminal eucaryotic signal sequence. The program correctly predicts the known Nterminal signal sequence cleavage sites of several cellular and viral proteins. The analysis demonstrates that the polyproteins of enveloped RNA viruses-including the alphaviruses, flaviviruses, and bunyaviruses-contain several internal signalsequence-like regions. The predicted cleavage site in these internal sequences are often known cleavage sites for processing of the polyprotein and are amongst the highest scoring residues with this algorithm. These results indicate a role for the cellular enzyme signal peptidase in the processing of several viral polyproteins. Not all high-scoring residues are sites of cleavage, suggesting a difference between N-terminal and internal signal sequences. This may reflect the secondary structure of the latter. Signal sequences were also found at the N-termini of the fusion proteins of the paramyxoviruses and the retroviruses. This suggests a mechanism of viral fusion analogous to that by which proteins are translocated through the membranes of the endoplasmic reticulum at synthesis.
Introduction
The protein synthesis strategy of the RNA viruses of eucaryotic cells is different from that of DNA viruses. In DNA viruses, separation of information coding for functional viral proteins occurs, as in the host cell, at the level of transcription. A series of monocistronic mRNAs is produced, each of which is translated into a single functional protein. In many of the RNA viruses, separation of functional proteins occurs by segmentation of genomic information or by post-translational cleavage of a polyprotein.
The majority of positive-sense RNA viruses have a single large genome, which functions directly as a message and codes for a single large polyprotein (2) (3) (4) . Since these viral mRNA molecules code for more than one functional protein, they can be considered to be polycistronic. Such messages are also produced by some genome segments of negative-sense RNA viruses (5) (6) (7) . The translated product of a viral polycistronic message must be processed by a viral or a cellular protease to yield the individual viral proteins. In the well-defined case of poliovirus, it is a viral protease. The single, large mRNA is translated in the cytoplasm to produce a single, large polyprotein, at least two parts of which have protease activity and cleave the polyprotein to its several constituent parts (8) . Similarly, the capsid protein of the alphaviruses has a protease activity and cleaves its own release from the translated polyprotein (9) . It is also likely that cellular proteases are involved in the processing of viral polyproteins; one possibility is signal peptidase.
Membrane-associated or secretory proteins are usually preceded by a signal sequence (10) marking them for synthesis at, and translocation through, the endoplasmic reticulum (ER). The signal sequence is removed by signal peptidase. The enzyme is present on the inner surface of the membranes of the ER. There are numerous reviews and hypotheses on the mechanisms involved in membranebound protein synthesis, translocation, and signal peptidase cleavage (11) (12) (13) . Nterminal signal sequences are present on the proteins translated from many monocistronic viral messages, for example, the hemagglutinin (HA) molecule of influenza virus (14) and the G protein of vesicular stomatitis virus (15, 16) . Translation of a viral polycistronic message coding for an N-terminal signal sequence will also take place on ER-bound ribosomes, with translocation of the extending polypeptide into the lumen of the ER. Just as signal peptidase cleaves the Nterminal signal sequence, so it may recognize and cleave other sites of similar specificity internally within polyprotein sequences. To examine this possibility, we have used a computer algorithm to scan the entire length of many viral polyproteins to determine the presence or absence of signal sequences. Several sequences analogous to N-terminal signal sequences were detected internally in viral polyproteins and also at the N-termini of some viral fusion proteins. We have examined known processing cleavage sites in these polyproteins and determined their similarity to signal-sequence cleavage sites. The results indicate a role for signal peptidase in the processing of many viral polyproteins.
Methods
No strict consensus sequence can be determined in eucaryotic N-terminal signal sequences, but certain types of amino acids are present at certain positions relative to the site of cleavage (17, 18) . Cleavage usually follows a small neutral residue, preferably alanine, but permissibly threonine, serine, or cysteine. A similar residue is also usually found at position -3 (three residues from the cleavage site towards the N-terminus). At position -2 most residues are acceptable, except glycine and proline. Glycine and proline are usually found at position -4 or -5, from where a hydrophobic helix then extends to the N-terminus (17) .
Based on a sample of 450 known eucaryotic signal sequences, von Heijne (1) devised a method for statistically predicting the most likely cleavage site of the signal peptide. A score is calculated for each amino acid in a putative signal sequence, reflecting the probability of cleavage occurring at each position in the sequence. The score is based on an analysis of 13 amino acids that are N-terminal and two that are C-terminal of the putative cleavage site. Each amino acid located in this 15-residue window is assigned a value that is a function of its relative frequency at that position in the known signal-sequence database (1) . The score indicating the probability of cleavage occurring after the residue in question is given by the formula:
where p is the position of the residue in the window, rv is the weight matrix score derived from the von Heijne probability table (1) , and i is the sequence position (sequence numbering begins with residue 1).
We have developed a computer program, written in C language for the IBM PC, which implements the von Heijne algorithm (1) and scans the entire length of an amino acid sequence. Probability scores for signal peptidase cleavage sites are reported for each residue in a sequence. Viral sequences were obtained from the Genbank database through BionetrM. The results show the known sites at which viral polyproteins are cleaved, the 15-residue window around the site, the residue number at which cleavage occurs, the computer program score, indicating the resemblance of this site to a eucaryotic signal sequence cleavage site, and the rank of the score relative to the scores for all the other residues on the polyprotein. Scores greater than 0 are possible signal peptidase cleavage sites (1). The higher the score, the closer the residue and the surrounding sequence resemble that around a typical, eucaryotic N-terminal signal-sequence cleavage site.
Results
The program was tested by scanning the sequences of several preproteins with Nterminal signal sequences in which the site of cleavage was known. These included the cellular proteins: insulin, growth hormone, alpha-amylase, relaxin, melittin, interferon, and ovalbumin (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) ) the viral influenza HA, and the vesicular stomatitis virus (VW) G proteins (14, 16, 29, 30) . In most cases (Table l) , the highest scoring site on the molecule was the known site of signal sequence cleavage. Scores at cleavage sites ranged from +3.6 to + 15.2. The highest scoring site was not always the cleavage site. The known cleavage site of interferon (26) gave the second highest score.
The mature proteins, after the removal of the signal peptides, demonstrated a few residues with a score above 3.6 (the lowest score found at any of the known signal-sequence cleavage sites). Mouse alpha-amylase (23) has one such residue located in a hydrophobic C-terminal domain of the molecule, a position that may not be translocated across the membrane. Ovalbumin (Table 1 ) has no N-terminal signal sequence but does have an uncleaved internal signal sequence (31) which is functional in the insertion of the extending molecule into the membrane (32) . The site of cleavage of the signal peptide of influenza HA is the highest score on the molecule. The HA molecule is post-translationally cleaved at a trypsin-like site (33) to form two polypeptides, HA, and I&AZ. The negative score at this site (Table  1) indicates that it has no similarity to a eucaryotic signal sequence.
The alphaviruses, bunyaviruses, arenaviruses, and picornaviruses produce polycistronic messages (2) (3) (4) (5) 34) . With the exception of the picornaviruses, these are all enveloped viruses with a requirement both for processing of a polyprotein and membrane insertion of the viral envelope proteins. The coronaviruses also produce a series of messages containing information for several proteins (35) , but in this case only the first protein on each message is translated. Each message is thus functionally monocistronic, and there is no requirement for the cleavage of a polyprotein.
Alphavimses
The best-understood alphaviruses are Sindbis virus (SV) and Semliki Forest virus (SFV). The alphaviruses produce two mRNA species. The smaller (26s) codes for the viral structural proteins: the capsid and envelope proteins (36) . The larger (42s) contains, in addition, the nonstructural proteins. The organization, cleavage, and calculated cleavage scores of the translated product of the 26s RNA of Sindbis virus are shown in Fig. 1 . Following translation of the 26s RNA, the capsid protein catalyzes its own release from the following envelope proteins (9) . As expected, this conserved site of autocatalytic cleavage has a negative score (Table 2 ) and thus has no similarity to a signal sequence.
The mechanism of cleavage that separates the envelope proteins is unclear, although the involvement of signal peptidase has been suggested (37, 38) . The Nterminus of the p62 (E3/E2) precursor protein contains a known signal sequence, which initiates ER-associated protein synthesis and translocation (41) . This signal sequence is uncleaved (42) but for each virus the highest scoring site is shown in Table 2 . The p62 precursor protein is cleaved at a conserved series of negativescoring basic residues (Table 2) . Like the cleavage of influenza H& to HA, and I-&, this is a late event, occurring distant from the site of protein synthesis (43) .
The sites of cleavage between the C-terminal of p62 and the N-terminal of the following nonstructural 6 kD peptide, and between this peptide and El, rank amongst the highest scoring residues on the polyproteins ( Table 2 , Fig. 1 ). Of the six sites in these three viruses, five are in the top tive scoring residues for their polyprotein and score higher than several of the known N-terminal eucaryotic signal-sequence cleavage sites examined ( Table 1 ). The high-scoring site preceding El in the C-terminus of the 6 kD peptide not only provides a cleavage site, but is also an internal signal sequence functional in the initiation of membranebound protein synthesis and translocation (44) .
The sequences around the cleavage sites on either side of the 6 kD nonstructural peptide of the alphaviruses are indicative of cleavage by signal peptidase. In sup-RESIDUE NUMBER &. I. Processing sites on the polyprotein translated from the 26s RNA of Sindbis virus. The order of the functional proteins and the residues at which cleavage occurs are shown. Very few residues within the polyprotein have a positive score (indicative of a signal-sequence cleavage site). The polyprotein is cleaved by protease activity of the capsid protein (C) at residue 964. An uncleaved signal sequence is present at the N-terminus of the precursor p62 protein, with a high score at residue 282. P62 is cleaved to E3 and E2 at residue 328, a basic residue cleavage site with a negative score. Cleavages either side of the 6 kD nonstructural protein after residues 751 and 806 give high scores, and are likely to be produced by signal peptidase. port of this, translation studies in cell-free systems demonstrate that cleavage at these sites is associated with the activity of a membrane-bound protease. If no membranes are present in the translation system, a large polyprotein containing p62-4kD-El is produced (45) . Addition of membranes results in the production of separate viral proteins (41, 43, 46) .
High-scoring residues in these alphavirus polyproteins fall into groups in which cleavage often, but not necessarily, occurs after the highest scoring residue. This is also apparent in the N-terminal signal sequences of cellular proteins and in the analogous internal sequences of other viral polyproteins. The cleavage, p62-6kD at residue 751 of Sindbis virus (Table 2) is the highest score in a group of three high-scoring residues (748,751,753). Cleavage after residue 815 in the WV polyprotein occurs after the second highest score in a group of four high-scoring residues (810, 812, 813, 815). The p62-6kD cleavage at residue 756 of Ross River virus (Table 2) does not have adjacent high-scoring residues.
Flaviviruses
The viral message (10 kb for yellow fever virus) is the same length as the genomic RNA, there being no subgenomic message as seen in alphaviruses. The message contains one long open reading frame (47) (48) (49) (50) and is the longest known mRNA that is completely translated in eucaryotic cells. Many putative viral proteins have been observed in infected cells, and it has proved difticult to determine how many proteins are coded for on the message and how they are processed. N-terminal amino-acid sequencing of some of the proteins has determined their position, but, with the exception of Kunjin virus (51), this has not been possible for all the nonstructural proteins. As with the alphaviruses, it has been speculated that cellular proteases, including signal peptidase, are involved in the processing (47, 48) .
Kmjiu virus. The processing of the polyprotein of Kunjin virus is the best understood of the flaviviruses. N-terminal sequencing has clearly established the positions of the nonstructural proteins (51). Fig. 2 shows the organization of the polyprotein, the cleavage sites, and their scores. Of the 10 cleavage sites, four give a high score with the algorithm and rank among the highest scoring residues on the polyprotein (Table 3) . A fifth-site NSl-NS2A has a signal-sequence-like configuration at the five residues N-terminal of the cleavage site. However, this is not pre- ceded by the usual hydrophobic stretch of amino acids, and this site does not give a high score. The remaining tive cleavage sites occur after pairs of basic residues, have no similarity to a signal sequence, give a negative score (Table 3) , and are probably cleaved by a virally coded protease (48, 51) .
Ye/low fever virus. N-terminal sequencing has established the positions of the C, M, E, NSl, NS3, and NS5 proteins (48, 52) . On the basis of molecular weights, space available in the open reading frame, and likely cleavage sites, the nonstructural proteins NS2a/b and NS4a/b have been located between NSl and NS3, and NS3 and NS5, respectively (48) . The first protein is C, the C-terminal of which is unknown but has been suggested (48) to be at residue 101, the last of four basic amino acids. Similarly, the known cleavage sites at the N-termini of M, NS3, and NS5 occur after pairs of basic residues. As expected, these basic residue sites all give a negative score (Table 3) .
Analysis of possible signal-sequence cleavage sites (Table 3) suggests a signalsequence-like region prior to residue 123, which probably functions (48, 53) in the initiation of membrane-bound protein synthesis and translocation of Pre-M through the ER. In addition, if yellow fever virus follows the strategy of Kunjin virus, then residue 123 is probably a signal peptidase cleavage site yielding the Nterminus of Pre-M (Table 3 ). The C-terminal region of M is also signal-sequencelike, and the known site of cleavage (52) between M and E has the third highest score on the polyprotein. The known cleavage (52) residue 778 is at another high-scoring site. Cleavage between NSl and NS2a has been suggested (48) to occur after residue 1187. This site has a positive but low score (Table 3) . Residue 1178 has a higher score (Table 3) is nine residues Nterminal of the suggested cleavage site and is a more likely signal-peptidase cleavage site in this region. Cleavage at the N-terminus of the putative nonstructural 2b, 4a, and 4b proteins is suggested (48, 53) to follow pairs of arginine residues (RR), as found at the cleavage site at the known N-terminus of NS3. With the exception of the cleavage at the N-terminus of 4b, this would be consistent with the situation in Kunjin virus (5 1). An alternative signal-sequence cleavage site after residue 2256 or 2385 could generate the N-terminus of NS4b (Table 3) . Residue 2256 has a higher score and is the more likely cleavage site. Residue 2385 is nine residues N-terminal from the proposed (48,53) basic residue site. It is also worth noting (Table 3 ) two other highscoring residues: Residue 1352 is two residues away from the suggested basic residue cleavage site between NS2a and NS2b, and residue 1481 if four residues Nterminal from the known N-terminal of NS3.
The results indicate that signal peptidase may be involved in the processing of flavivirus polyproteins. In this case, processing of the flavivirus polyprotein would occur at a combination of signal-peptidase and basic-residue cleavage sites.
Bunyavimses
Several bunyaviruses, representing four of the tive genera of the family have been sequenced. The viruses have a tripartate, predominantly negative-sense, RNA genome (54) . Of the three genome segments, the smallest, S RNA, has two reading frames coding for the capsid protein and a small nonstructural protein (55) . The S segment has no requirement for the processing of a polyprotein. The large L RNA segment codes for the viral polymerase (56) which is as yet unsequenced. The middle-sized M RNA codes for a polyprotein containing two envelope glycoproteins and a nonstructural protein (5760). There is a requirement for processing of this M polyprotein. It is possible that any of the nonstructural proteins from the S, M, or L segments could encode a protease responsible for the cleavage of the M polyprotein. However, translation of M RNA in cell-free systems demonstrates only a requirement for microsomal membranes (61, 62) . Table 4 shows the known cleavage sites of the M polyproteins of viruses representative of three different genera. In each case, the known cleavage sites are among the highest scoring sites on the polyprotein. In the case of Punta Toro and Rift Valley fever viruses, the two documented cleavage sites are the tirst and second highest scoring sites on the whole 1440-residue polyprotein. It is likely that signal peptidase is responsible for cleavage at all the sites indicated in Table 4 , except for the cleavage site at the C-terminal position of the tirst envelope glycoprotein of snowshoe hare virus. This follows an arginine residue, has a negative score, and is probably mediated by a cellular trypsin-like enzyme (65) . The internal signal-sequence-like region preceding the Gl protein of Rift Valley fever virus, as with those preceding the p62 and El proteins of the alphaviruses, not only provides a cleavage site, but is also functional in membrane insertion and translocation (62).
Picomavimses
As expected, none of the cleavage sites of poliovirus (4) gives a positive score with this algorithm. Polio virions are assembled in the cytoplasm and processing occurs by way of virally coded proteases, as the polyprotein elongates on the free polysomes in the cytoplasm. However, 27 of the 2209 amino acid residues of the polyprotein give positive scores, four of which are greater than 4.0.
The highest scoring residue is alanine at position 1105, with a score of 8.1. It is not clear why these sites in the poliovirus polyprotein are not recognized by the signal recognition particle and why translocation through the ER is not initiated.
The mechanism of viral fusion is not yet fully understood for any virus. In the paramyxoviruses, orthomyxoviruses, and retroviruses, fusion has been associated with an N-terminal hydrophobic domain of a transmembrane viral-envelope glycoprotein (76) . The active glycoprotein is generated by cleavage of a larger precursor molecule at a basic residue site. Gallaher (77) has pointed out N-terminal sequence homology between the paramyxoviruses and human immunodeficiency virus (HIV) and the occurrence of the tripeptide Phe-X-Gly (where X represents any amino-acid). This peptide is also seen in reverse orientation Gly-X-Phe at the N-terminus of the influenza HA* molecule.
Scanning of several viral fusion proteins with the computer algorithm demonstrates high-scoring residues in the N-terminal fusion sequences of the paramyxoviral and retroviral fusion proteins ( Table 5 ). The N-terminal sequences of these fusion proteins give scores as high as those of many N-terminal cellular signal sequences (Table l) , indicating their similarity to N-terminal signal sequences of cellular preproteins. The N-terminal signal sequences of some other viral fusion proteins do not resemble signal sequences. The only sites scoring greater than 2.0 In order to show the complete N-terminal sequence of these fusion proteins, the sequence given is longer than the 15-residue window considered by the algorithm. * indicates the N-terminal residue. The Phe-X-Gly (FXG) tripeptide sequence noted by Gallaher (76) is underlined.
in the mature G protein of New Jersey strain vesicular stomatitis virus are residues 496 (score 6.4) and 208 (score 3.2). The highest scoring residue in the El (putative fusion) protein of the alphavirus Sindbis is residue 419 (score 6.7). Residues 420, 431, and 437 also score greater than 2.0.
Discussion N-terminal signal sequences of viral proteins are known to function in the initiation of membrane-bound protein synthesis and translocation (41, 44, 62) . N-terminal signal sequences are cleaved by the cellular enzyme signal peptidase, the activity of which is associated with the membranes of the ER. Similarly, in-vitro translation studies have demonstrated requirement of microsomal membranes for the correct processing of some viral polyproteins (41, 43, 46, 61, 62) . Indeed, it has previously been suggested that internal signal sequences function as cleavage sites in the processing of viral polyproteins (37, 38, 47, 48) . However, there has been no previous attempt to determine the number of signal-sequence-like regions on a viral polyprotein, nor to determine how closely known processing cleavage sites on a viral polyprotein resemble those in the N-terminal signal sequences of cellular proteins. The results from our computer study, based on the method of von Heijne (l), demonstrate that regions of primary sequence characteristic of the N-terminal signal sequences of eucaryotic preproteins are present internally within the polyproteins of enveloped RNA viruses. In many cases, the internal processing cleavage sites of viral polyproteins closely resemble cleavage sites in the N-terminal signal sequences of cellular preproteins. These tindings support the suggestion that the cellular enzyme, signal peptidase, is involved in the processing of viral polyproteins. Our results also demonstrate the presence of signalsequence-like sequences at the N-termini of certain known viral fusion proteins. This suggests a possible mechanism of viral fusion analogous to that whereby newly synthesized proteins are inserted into and translocated through the internal cell membranes.
This computer program can be used to locate signal-sequence-like regions within polyproteins. However, not all high-scoring residues within a viral polyprotein are sites of cleavage, and in its present form the algorithm cannot be used to definitively predict a processing cleavage site. However, the program may be of use in determining possible cleavage sites, particularly when the sizes of component proteins, and therefore the likely regions of cleavage, are known. If, for example, the program had been used to predict the cleavage sites in the polyproteins translated from the M RNAs of the bunyaviruses or the 26s RNAs of the alphaviruses, it would have been quite successful. Of the seven viruses shown in Tables 2 and 4 , 12/14 of the signal peptidase cleavage sites are in the top four scoring groups for their polyprotein.
The eucaryotic signal sequence has at least three functions: a binding site for the signal recognition particle (SRP), a general hydrophobic nature of sufficient length to allow membrane insertion, and a recognition site for signal peptidase (11) (12) (13) . In addition, a binding site for a membrane translocation system may also be present (78) . It is not known whether these different recognition functions are mediated by the same or different areas on the signal sequence. If separate, it is possible that some signal sequences give a high score but lack one or more of these functions. In this way, a signal sequence could be functional for recognition by SRP and for translocation, but not for cleavage. This may explain why some highscoring sites are cleaved but others are not. This may be the case for the signalsequence-like regions at the N-termini of the viral fusion proteins in Table 5 .
Analysis of many such internal sequences may determine a difference in the primary sequence between sites that are cleaved and those that are not. But absolute prediction of utilized signal peptidase cleavage sites from primary sequence analysis may not be possible. Cleavage may depend upon the secondary and tertiary structure of the molecule at the site and time of cleavage, parameters that probably cannot be determined from primary sequence nor included in a modified algorithm.
There is evidence to suggest (78) that extending polypeptides pass through a protein translocation system of the ER as a series of units with secondary structure rather than as a continuous thread. Secondary structure in translocating proteins may explain the failure to cleave certain sequences. The most favorable cleavage sites in the internal uncleaved signal sequences of ovalbumin (Table 1) ; the Nterminus of the p62 proteins of the alphaviruses SV, WV, and RRV (Table 2) ; the high-scoring sites 2377, 2244, and 2463 in Kunjin virus, and 1352 and 1481 in yellow fever virus (Table 3) ; and in four of the five retroviral fusion proteins in Table 5 would in each case follow a proline or glycine residue. The presence of proline or glycine at this position in an N-terminal signal sequence does not inhibit cleavage. However, cleavage after proline or glycine residues was not found at any of the internal signal-sequence-like cleavage sites examined. It is possible that the presence of these residues in an internal sequence may introduce l3-turns into the secondary structure affecting cleavage at such sites.
The sequences at the N-termini of viral fusion proteins originally pass through the ER as internal sequences within the viral fusion protein precursor, where their activity could be inhibited by their secondary structure at translocation. Conversion to an N-terminal position by cleavage of the precursor molecule occurs distant from the ER, late in viral replication, and could be a mechanism of activation just prior to release from the cell. On infection of a new cell, likely candidates for a receptor recognizing an N-terminal signal-sequence-like fusion region would be that component of the SRP responsible for signal sequence recognition, a translocation channel similar to that through which an extending polypeptide is translocated into the ER, the receptor component of such a channel, or even the signal peptidase enzyme. Such a receptor would have to be present on the outer cell membrane or the luminal side of the endosomal membrane. However, to date none of these components have been observed in either location.
Our computer program allows for change of the algorithm to consider any win-dow of 15 residues or less. One interesting tinding on analysis with a smaller window was that the N-terminus of the HA2 fusion protein of influenza virus scored high for cleavage after residue 7. Interestingly, the N-terminus of HA2 (GLFGAIA-GF) has the contiguration of a signal-sequence cleavage site without the preceding long hydrophobic sequence. Evidence for a specific fusion receptor for the paramyxoviruses comes from fusion inhibition studies with peptides resembling the N-terminus of the Sendai virus fusion protein (79) . The further the synthetic peptide is extended from the Nterminus (i.e., the more of the signal sequence region that is represented), the greater is its inhibitory effect (79) suggesting that more than the N-terminal PhePhe-Gly tripeptide may be important. No N-terminal signal-sequence-like regions are present on the alphavirus El protein or on the vesicular stomatitis virus G protein. Fusion mediated by an N-terminal signal sequence is not a possibility for these viruses, although the involvement of an internal signal sequence cannot be ruled out.
The presence of signal-sequence-like regions at the N-termini of some viral fusion proteins is highly suggestive of a mechanism of fusion similar to that by which newly synthesized proteins are inserted and translocated through the ER. Insertion and subsequent translocation of proteins across membranes may be a primitive cellular mechanism present on several cellular membranes. As with other cellular systems, viruses may have evolved to utilize this mechanism to their own advantage.
